Although previous studies have suggested that branch dieback and whole-plant death due to drought stress occur at 50-88% loss of stem hydraulic conductivity (P 50 and P 88 , respectively), the dynamics of catastrophic failure in the water-conducting pathways in whole plants subjected to drought remain poorly understood. We examined the dynamics of drought stress tolerance in 3-year-old Japanese black pine (Pinus thunbergii Parl.). We nondestructively monitored (i) the spatial distribution of droughtinduced embolisms in the stem at greater than P 50 and (ii) recovery from embolisms following rehydration. Stem water distributions were visualized by cryo-scanning electron microscopy. The percentages of both embolized area and loss of hydraulic conductivity showed similar patterns of increase, although the water loss in xylem increased markedly at -5.0 MPa or less. One seedling that had reached 72% loss of the water-conducting area survived and the xylem water potential recovered to -0.3 MPa. We concluded that Japanese black pines may need to maintain water-filled tracheids within earlywood of the current-year xylem under natural conditions to avoid disconnection of water movement between the stem and the tops of branches. It is necessary to determine the spatial distribution of embolisms around the point of the lethal threshold to gain an improved understanding of plant survival under conditions of drought.
Introduction
Water is essential for life, and the growth of terrestrial vascular plants is especially dependent on water conduction through xylem conduits from roots to leaves. The ascent of water in the xylem is driven by a gradient of negative pressure generated by the process of transpiration ( Tyree and Zimmermann 2002) . Although large volumes of soil water are drawn into the atmosphere by transpiration during the growing season, xylem embolisms arise with increases in negative pressure inside the xylem conduits under conditions of water stress ( Sperry and Tyree 1990 , Taneda and Sperry 2008 , Fukuda et al. 2015 and with the invasion of pathogens in the xylem ( Umebayashi et al. 2011 , Venturas et al. 2014 . The increase in embolized conduits leads to significant loss of hydraulic conductivity, and many previous studies have used vulnerability curves (VCs) to examine the decreases in hydraulic conductivity with increasing negative pressure ( Sperry and Tyree 1988 , Cochard and Tyree 1990 , Sperry et al. 2012 . Conductivity loss in plants above the point of lethal water stress (Ψ d ) leads to branch dieback and death of the plant ( McDowell et al. 2008 , Brodribb and Cochard 2009 , Urli et al. 2013 , although Ψ d values differ widely among species.
The water-conducting systems of conifers are generally of lower efficiency but higher safety than those of broad-leaved
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Tree Physiology 36, [1210] [1211] [1212] [1213] [1214] [1215] [1216] [1217] [1218] ; handling Editor Guillermo Goldstein published online June 28, 2016 trees ( Tyree and Zimmermann 2002) . Although differences in Ψ d among species can be explained by a conductivity loss of 50% (P 50 ) Cochard 2009, Brodribb et al. 2010) or 88% (P 88 ) ( López et al. 2013) in the stem, the Ψ d values of many coniferous species tend to be lower than those of broadleaved species ( Barigah et al. 2013 , Urli et al. 2013 , Trifilò et al. 2015 because distal tissues (i.e., those in leaves and roots) tend to be more vulnerable to water stress-induced embolism than the stems Cochard 2009, Johnson et al. 2012) . Furthermore, the ability to recover from drought-induced embolisms is low in coniferous species compared with broadleaved plants because parenchymatous tissues and nonstructural carbohydrates are not abundant in their xylem tissues ( Johnson et al. 2012) . Although how the disconnection of water movement in the plant is induced between roots and branches is still unclear, there is some evidence to explain the water movement between the leaves and stem. The leaf xylem in Pinus pinaster is less vulnerable to embolisms than the stem, but hydraulic failure is caused by hydraulic dysfunction of extraxylary tissue (e.g., multilayer epidermis, leaf mesophyll and bundle sheath) in the leaf ( Bouche et al. 2016 ). In the stem of the highly drought-resistant conifer genus Callitris, basal area growth (i.e., new xylem differentiation) is a critical part of the plant's ability to survive conditions of drought stress ( Brodribb et al. 2010) . Within an annual ring of the stem of conifers, embolisms in the conduit network systems, which are constructed of tracheids, spread tangentially because of frequent connections through pits arrayed in the tangential plane , and the spreading pattern may be species-specific. In the stem of Douglas fir, Dalla-Salda et al. (2014) reported that the transitional area from earlywood to latewood (i.e., transition wood) was the last conductive part under severe water stress around Ψ d . Unfortunately, Dalla-Salda et al. (2014) examined water movement in older annual rings and not in the current-year xylem. The spatial analysis of water loss including the currentyear xylem is important to explain the disconnection between leaves and the stem at Ψ d .
Japanese black pine (Pinus thunbergii Parl.) is a major species under cultivation in Japan and is planted in the coastal forests predominantly as a windbreak in Japanese temperate regions. Although trees infected with pinewood nematodes show the highest mortality rates in the susceptible group (i.e., native trees) ( Zhao et al. 2008 , Umebayashi et al. 2016b ), we found a surviving seedling in which the maximal loss of waterconducting area in a 1-year-old stem reached 76% ( Umebayashi et al. 2016b) . In diffuse-porous species and conifers, increases in xylem embolisms are significantly related to increases in the percentage loss of conductivity ( Zwieniecki et al. 2013 , Fukuda et al. 2015 . Sequoia sempervirens with ~50% embolization in the stem can survive with rewatering ( Choat et al. 2015) . These reports suggest that Japanese black pine can survive water loss exceeding P 50 .
In this study, we examined the spatial distribution of xylem embolisms to determine whether catastrophic wilting occurred with disconnection of water movement in the stems of coniferous trees. The slope of the VC determined using the centrifuge method was used to estimate P 50 , P 70 and P 88 , and compact magnetic resonance imaging (CMRI) was used to monitor the spatial pattern of embolism spread in the 1-year-old stems of 3-year-old pine seedlings during a cycle of drought stress greater than P 50 followed by rehydration. We also cross-checked the reliability of CMRI as a technique for determining water distributions at the cellular level by observing xylem specimens using cryo-scanning electron microscopy (cryo-SEM).
Materials and methods
To visualize embolized areas by CMRI and cryo-SEM, we collected 3-year-old Japanese black pine seedlings (n = 5) from the nursery of the Tanashi Research Station (University Forests, the University of Tokyo, Nishitokyo, Japan). All seedlings were excavated in early March 2012 and immediately transplanted into plastic pots. The pots were transferred to the Kashiwa Campus of the University of Tokyo (Kashiwa, Japan, 35°54′N, 139°56′E) and irrigated daily until the experiments began. Subsequently, we discontinued watering to induce drought stress. The heights of samples were 1.0 ± 0.1 m (mean ± SD) and the stem basal diameters were 2.2 ± 0.2 cm.
A CMRI system was used to monitor the water distributions in all dehydrated seedlings on the same day. The system consisted of a two-column permanent magnet with a field strength of 0.3 Tesla in a 6-cm air gap (Neomax Engineering Co. Ltd, Takasaki, Japan) and a portable MRI console (MRTechnology, Inc., Tsukuba, Japan) ( Umebayashi et al. 2011) . A T 1 -weighted spinecho sequence (repetition time = 500 ms, echo time = 19 ms, slice thickness = 1 mm) was used to visualize the water distribution in each sample cross section. The two-dimensional imaging matrices consisted of 128 × 512 pixel with isotropic voxel size. We used a U-shaped RF coil to visualize the mid-section (9-12 mm diameter) of the stem.
Drought stresses were applied to three seedlings (seedlings C, D and E) on 3 August 2012. Two control seedlings (seedlings A and B) were designated on the same day. CMRI observations were made at intervals of 4-6 days. Xylem water potential (Ψ xylem ) was measured using a pressure bomb (Model 3000; Soilmoisture Equipment Corp., Goleta, CA, USA) in the predawn period, when CMRI visualizations were made according to Fukuda et al. (2015) . As we could not directly measure Ψ xylem of the stem, we measured the leaf water potential when it was in equilibrium with the stem (i.e., at predawn). The Ψ xylem showed a diurnal variation with minimum values during the daytime, and when stomata were closed the differences between predawn and midday water potential in drought-stressed potted trees tended to be minimal. When the predawn Ψ xylem of drought-stressed seedlings (C, D and E) had reached approximately -5.0 MPa (greater than P 50 value; see Figure 1 ), watering was restored. The last magnetic resonance (MR) images were captured on 17 September.
After completion of all CMRI observations, a stem segment ∼5 cm in length (including the CMRI monitoring site) was taken from each seedling after freezing in situ for 5 min in a plastic collar filled with liquid nitrogen ( Umebayashi et al. 2016a ). Each frozen segment was excised with a handsaw chilled in liquid nitrogen and stored in liquid nitrogen. The frozen segments were transferred to a freezer (-27 °C). We cut two stem blocks (each 6 × 6 × 10 mm), which included all tissues between the bark and pith from the site that had been monitored by CMRI (i.e., the center of the segment). The blocks were trimmed and planed on a sliding microtome (Yamato Koki, Tokyo, Japan) held in a freezer, immersed in liquid nitrogen and attached to a specimen holder. The sample surfaces were lightly freeze-etched after transfer to the cryo-SEM system (JSM-6390 LV; JEOL, Tokyo, Japan). Secondary electron images of uncoated specimens were captured at an acceleration voltage of 3.0 kV.
To quantitatively calculate the water distribution area in MR images, we digitized them with Photoshop ver. 7.0 software (Adobe Systems, San Jose, CA, USA). A threshold-level methodology that divides black and white areas in images was described by Umebayashi et al. (2011) . The threshold level was identified as the value at which the peak of all thermal noise outside the sample was within the black side of the image. We subsequently calculated the total areas of xylem (A xylem ) and water-filled conduits (A water ) in each digitized image using ImageJ ver. 1.43u software (National Institutes of Health, Bethesda, MD, USA). The percentage loss of the water-conducting area (PLA) in each image was calculated using the following equation: PLA (%) = 100 × (1 -A water /A xylem ).
To assess the percentage of embolism in the current-year xylem after rehydration, we defined the latewood region using ImageJ as the region where the twofold radial thickness of the common double wall adjacent to the tracheid was larger than the radial diameter of the tracheid lumen; earlywood was defined as the remaining part ( Umebayashi et al. 2010) . Earlywood was further divided into the early earlywood (the early half region) and the late earlywood (the late half region). To quantify the distribution of water-filled tracheids, we counted at least 100 tracheids, three times per group (i.e., early earlywood, late earlywood and latewood).
Data for VC plots were obtained for 1-year-old stems using the static centrifuge method ( Alder et al. 1997) . Five samples were cut at the ground level from the 1-year-old stems of seedlings from the same year growing in the same nursery at the Tanashi Research Station. Cut samples were tightly enclosed in plastic bags during transportation to the laboratory at the Tanashi Research Station where we cut through each of them 10 cm above the base while they were held underwater. All of these samples were tightly enclosed in plastic bags and transported overnight at low temperature (∼10 °C) to the Kasuya Research Forest Laboratory (Kyushu University, Sasaguri, Japan). We excised 1-year-old stem segments with a length of 140 mm from each sample as it was held underwater, and trimmed both ends with a fresh razor blade. To measure the initial hydraulic conductivity (K h initial ), all samples were secured to a custom-built rotor and spun (5 min at -0.1 MPa) in a centrifuge (Kubota, Tokyo, Japan) with their ends submersed in water in clear acrylic plastic reservoirs. After centrifugation, K h initial was measured using a hydraulic conductivity apparatus . After measuring K h initial , we determined the hydraulic conductivity (K h ) by repeating the process at progressively higher spin speeds (stepwise at intervals of -1.0 MPa) until a value of -6.0 MPa was reached. All data were collected within 3 days of harvesting. A curve was obtained by plotting the percentage loss of conductivity (n = 5) [PLC = 100 × (1 -K h /K h initial )] vs Ψ xylem . The Weibull function was used to fit the curve ( Neufeld et al. 1992) .
Results
The PLC obtained by the centrifuge method barely increased until a value of -4.0 MPa [19.0% ± 2.1% (mean ± SE) at -4.0 MPa] was reached (Figure 1) . The PLC increased markedly at pressures of -5.0 MPa or lower (58.6 ± 1.7% at -5.0 MPa). Values of P 50 , P 70 and P 88 were -4.82, -5.29 and -5.78 MPa, respectively.
Before we began drought treatment on potted seedlings, the water distributions in the stems (monitored by CMRI) were very similar among all plants (Figure 2) . Although most tracheids of the current year were filled with water, xylem embolisms were arrayed along the tangential plane in one or more regions ( Figure 2 , arrowheads). Embolisms were rarely observed except for the latewood of the previous year's xylem (Figure 2 ). The water distributions in two controls were similar and did not change during the experimental period (Figure 2a) . Using cryo-SEM, we confirmed the presence of embolisms in the previousyear latewood (Figure 3a) . Thus, nondestructive MRI accurately revealed the distributions of water-filled tracheids.
The predawn values of Ψ xylem decreased gradually after the start of the drought-stress experiment in the seedlings ( Figure 4) . Stomatal conductance also decreased to near zero after 12-13 days of dehydration (i.e., when the predawn values of Ψ xylem were approximately -1.0 MPa; data not shown). New embolisms were rarely observed above -4.0 MPa in the seedlings (the PLA was ∼20%; Figure 1 ), but water contents in their bark declined gradually as Ψ xylem decreased (Figure 2b and c) except for seedling E (Figure 2d ). The extent of the embolized areas increased significantly at values of -4.0 MPa or lower; the PLA approached values exceeding 50% at approximately -5.0 MPa (Figure 1 ). More embolized areas were detected in the previous-year xylem in dehydrated seedlings. Although the increase in the embolized area in the previous-year xylem was rapid, we found that many embolized areas were initially spread along the tangential direction (Figure 2d ). With embolization of most of the previous-year xylem, embolisms in the current-year xylem spread in early earlywood (Figure 2b-d) . New embolisms spread outward from the previously formed embolism(s) ( Figure 2b, arrowhead) . Finally, the difference in PLA among dehydrated seedlings was dependent on the water volume of the current-year xylem. After rehydration, no seedlings showed apparent refilling of embolized xylem (Figure 2) . Seedling E, which reached 72 PLA, survived and its Ψ xylem value recovered to -0.3 MPa without refilling of the embolized area (Figures 2b and 5c) . In other seedlings, the Ψ xylem values recovered to approximately -1.5 MPa on day 6 after rehydration and showed marked recovery of water content in their bark ( Figure 2b and c) ; however, many dry leaves from the tops of branches were observed after rehydration (Figure 5a and b) .
Following seedling rehydration, our cryo-SEM observations detected thin and thick layers of water-filled tissues in the current-year earlywood arrayed tangentially (Figure 3b and c) . In surviving seedling E, many tracheids in the current-year earlywood were still filled with water (Table 1, Figure 3c ) except around resin canals (Figure 3e ), although tracheids in the current-year earlywood around an annual ring border and latewood were mostly embolized (Figure 3c, arrow, and d) . In contrast, in seedling D, which had many dry leaves on the tops of branches, many tracheids in late earlywood were also filled with water (Table 1) , but the distribution was discontinuous along the tangential direction (Figure 3b ). Within these water-conducting areas, the resin canals were completely filled with resinous materials ( Figure 3e) ; however, we also observed some resin canals with air bubbles in all rehydrated samples (Figure 3f ).
Discussion
We cross-compared (i) the development of xylem embolisms observed by CMRI monitoring and (ii) the VC slope obtained by the centrifuge method to provide quantitative and qualitative explanations of tolerance to drought stress-induced embolisms in the stems of Japanese black pine seedlings. Both values of PLA and PLC were ∼20% until Ψ xylem values reached -4.0 MPa. When Ψ xylem values decreased to -5.0 MPa or lower, the number of embolized tracheids increased markedly and conductivity decreased significantly. This species showed a strong correlation between PLA and PLC (R 2 = 0.89) (see Figure S1 available as Supplementary Data at Tree Physiology Online). Thus, our results also suggested that the VC slope of this species reflected the pattern of drought stress-induced embolism development in intact seedlings. Although the VC slope of this species was steep (Figure 1 ), our data suggest that Ψ d in the stem may be related to the water tension produced over P 50 . López et al. (2013) suggested that survival in Pinus canariensis was 
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Tree Physiology Online at http://www.treephys.oxfordjournals.org strongly correlated with P 88 in branches. However, many dry leaves from the top of branches arose in seedling D of Japanese black pine seedling, which reached 86 PLA at -5.4 MPa. Therefore, the present results, along with those of our previous study ( Umebayashi et al. 2016b) , indicate that water movement between the stem and the tops of branches in young Japanese black pines was almost disconnected at approximately P 70 in the stem.
In conifers, how do embolized tracheids spread in the xylem of the stem? In 1-year-old stems of P. pinaster, embolized tracheids of the current year were observed in mid-earlywood under conditions of drought stress . On the other hand, the water loss in the previous year was induced in early earlywood and latewood in Douglas fir ( Dalla-Salda et al. 2014 ). In addition, older xylem tends to be more vulnerable to embolisms than the current-year xylem ( Sperry et al. 1991 , Melcher et al. 2003 , Fukuda et al. 2015 . In all Japanese black pine seedlings, most embolisms were already observed in latewood of the previous year before the dehydration experiments (Figure 2) . The marked occurrence of embolized tracheids was detected in the previous-year earlywood around P 50 in all dehydration samples. These results suggest that plants suffered environmental stresses in the nursery. Embolisms in the currentyear xylem were also detected with water loss in the inner xylem, but the pattern differed among seedlings. Embolisms in seedlings D and E were induced in early earlywood and latewood in xylem of the current year (Figures 2c and d, and 3) , and this pattern was similar to the results of Dalla-Salda et al. (2014) . On the other hand, embolisms in seedling C were detected in late earlywood and latewood with some in midearlywood (Figure 2b ), and this pattern was similar to the results of Choat et al. (2016) . Thus, our results suggested that there are spatially different patterns of water loss in the stem within a species. In conifers, most of the inter-tracheid pits are distributed on radial walls of tracheids, and embolisms generally spread along the tangential direction . Therefore, the water-filled tracheids around an embolized tracheid may be particularly vulnerable to water stress-induced embolism, and the embolisms may spread along the tangential plane (Figure 2b, arrowhead) .
In the current-year shoots of this species, leaves dried gradually not from the base but from the top of the shoots (Figure 5a and b). Thus, disconnection occurred somewhere in the waterconducting pathway from roots to the top of the shoot. In pine species, tracheids distributed between late earlywood and latewood are more vulnerable to embolisms ( Utsumi et al. 2003 , and this phenomenon was also observed in latewood in this study (Figures 2 and 3) . Therefore, we predict that tracheids in latewood are not important in water conduction. On the other hand, in earlywood in seedling D, which showed drying of leaves on the top of the shoot, many tracheids of late earlywood of the current year were still filled with water, but their distribution was discontinuous along the tangential direction (Figure 3b) . Thus, the embolisms in the current late earlywood that resulted in hydraulic failure arose in xylem from the stem to the tops of branches. Japanese black pine may have a high safety margin to prevent major increases in the frequency of embolisms in the current-year xylem during the growing season. On the other hand, in seedling E, many tracheids in earlywood were filled with water except around the annual ring border (Table 1, Figure 3c) . Thus, the spatial distribution of water-filled tracheids in earlywood of the current year is the key to maintenance of water movement from the stem to the top branches to avoid branch dieback.
In this species, Fukuda et al. (2007) and Umebayashi et al. (2011) observed sudden increases in the embolized areas using CMRI just before death after infection by pinewood nematodes. Such catastrophic increases in embolisms under extraordinary physiological conditions experienced by plants during wilting disease may be related to the steep VC slope. Although trees with a steep VC slope potentially show higher mortality rates than those with gentle slopes ( López et al. 2013) , current knowledge does not provide a comprehensive explanation of this phenomenon. Nevertheless, these data suggest that a steep VC slope may lead to marked increases in embolized conduits with slight increases in negative pressure. Future observations of the microstructures of conduits will contribute to explanations of steep VC slopes.
Timberline conifers have recovery ability based on the refilling of xylem embolisms ( Mayr et al. 2014 ). However, Utsumi et al. (2003) and Brodribb et al. (2010) confirmed that in several species the embolized tracheids are not refilled after drought and/or freezing. In our experiments, embolized tracheids did not refill after rehydration (Figure 2) . Although previous studies indicated the refilling of embolized conduits from neighboring living cells ( Nardini et al. 2011 ), we did not observe recovery from embolisms in the vicinity of living tissues (such as cambium and parenchyma) (Figure 3b and c) . As Choat et al. (2015) also did not observe any refilling after rewatering in Sequoia sempervirens, the ability of some conifers to refill drought-induced embolisms is now questionable.
In conclusion, xylem embolisms in Japanese black pines were rarely induced until values reached -4.0 MPa, and thereafter increased markedly. The xylem embolisms spread from previously Table 1 . Percentage of water-filled tracheids in the current-year early earlywood (EEW), late earlywood (LEW) and latewood (LW) after rehydration. Data are means ± SD (n = 3).
Seedling no. EEW LEW LW A 100.0 ± 0.0 99.3 ± 0.6 100.0 ± 0.0 B 100.0 ± 0.0 90.8 ± 1.1 100.0 ± 0.0 C 22.0 ± 5.0 34.8 ± 1.0 13.8 ± 2.0 D 21.2 ± 10.9 69.9 ± 1.9 10.9 ± 3.7 E 40.8 ± 3.8 87.9 ± 1.6 3.6 ± 1.4 embolized areas as negative pressures increased. Many tracheids in early earlywood were embolized in the current year when P 70 was reached, and we concluded that fatal disconnection of the water movement in xylem from roots to leaves may start with serious water losses in earlywood of the current-year xylem.
Recovery from embolisms did not occur in this species after rehydration. Our results suggested that spatial analysis of water loss in the stem is an important means of explaining Ψ d in plants.
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